The Biot-Stoll model is useful for analyzing the acoustic wave propagation in porous marine sediments. However, the practical application of the model is not easy, because 13 physical parameters are required to apply it, and the physical phenomena in this model are difficult to understand. In this study, equivalent circuits for the plane longitudinal wave propagation in porous media are proposed for easy understanding of the physical phenomena. Also, practical approximated equations for the longitudinal wave velocity and attenuation are proposed to simplify practical application of the Biot-Stoll model. Then, simpler models, such as the Wood model, the Gassmann model, and the Biot-Stoll model without frame moduli can be used within limited ranges of frequency and porosity to approximate the exact Biot-Stoll model. Therefore, the ranges of frequency and porosity applicable to some simple acoustic models are obtained to simplify practical application of the Biot-Stoll model.
INTRODUCTION
The Biot-Stoll model is extensively used to analyze the acoustic wave propagation in porous marine sediments, and its usefulness has been shown by many researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] . Hovem and Ingram showed the viscous attenuation of a longitudinal wave in sand and suspension [1, 2] . Kimura investigated the velocity and attenuation of a longitudinal wave in high-porosity marine sediment with grain size distribution [3] . Stoll and Kan obtained the reflection characteristics of acoustic waves at a water-sediment interface [4] . Yamamoto illustrated the longitudinal wave velocity and attenuation in marine sediments [5] . Ogushwitz applied the Biot-Stoll model to low-porosity rock and high-porosity suspension and showed the usefulness of the model [6] [7] [8] . Holland and Brunson investigated the Biot parameters [9] .
As mentioned above, the Biot-Stoll model is useful tool for analyzing the acoustic wave propagation in porous marine sediment. However, it is not easy to apply this model, because 13 physical parameters are needed, and some of the parameters cannot be measured. Also, the physical phenomena in this model are difficult to understand.
First, the Biot-Stoll model, the 13 physical parameters required for applying the model, and the frequency characteristics of the longitudinal wave velocity and attenuation are summarized. In this study, equivalent circuits for the plane longitudinal wave propagation in porous media are proposed to easily understand the physical phenomena. Exact and approximated equivalent circuits are derived. Next, approximated equations for the longitudinal wave velocity and attenuation as functions of porosity and frequency are derived to simplify practical application of the Biot-Stoll model. Moreover, the ranges of frequency and porosity applicable for acoustic models such as the Wood model, the Gassmann model, and the Biot-Stoll model without frame moduli are obtained.
ACOUSTIC MODELS
In this section, the acoustic models of porous marine sediments are described. The Wood model is the simplest acoustic model in a two-phase media [10] . The Gassmann model is an acoustic model including the frame bulk modulus [11] . Then, the Biot model was developed as an extensive acoustic model for fluid-saturated porous media [12] [13] [14] [15] . Moreover, Stoll applied the Biot model to unconsolidated marine sediments and extended the Biot model by adding the friction loss between the grains [16] [17] [18] [19] [20] . Nowadays, this extended Biot model is called the Biot-Stoll model and is widely used in analyzing the acoustic wave propagation in porous marine sediments. In
where is the total density of the medium, f and r are the densities of the fluid and the grain, respectively. Here, K is the total bulk modulus, K f and K r are the bulk moduli of the fluid and the grain, respectively, and is the porosity.
The Gassmann Model
Gassmann first introduced the idea of a frame that is an assemblage of grains. In the Gassmann model, the longitudinal wave velocity c l in the two-phase medium is expressed as follows [11] :
¼ f þ ð1 À Þ r ; ð5Þ
where is the frame shear modulus and K b is the frame bulk modulus. Equation (6) is valid only at lower frequencies, for which there is sufficient time for the pore fluid to flow and eliminate wave-induced pore pressure gradients.
THE BIOT-STOLL MODEL

The Biot-Stoll Model
Biot developed a comprehensive model of the acoustic wave propagation in fluid-saturated porous media such as marine sediments [12] [13] [14] [15] . The Biot model predicts that three kinds of body waves, two longitudinal and one shear, may exist in a fluid-saturated porous medium in the absence of boundaries. One of the longitudinal waves which is called ''the first kind,'' and the shear wave are similar to waves found in elastic media. In these waves, the motions of the frame and the pore fluid are nearly in phase, and the attenuation due to viscous losses is relatively small.
In contrast, the longitudinal wave of the ''second kind'' is highly attenuated and the frame and the fluid move largely out of phase. The longitudinal wave of the second kind becomes very important in acoustical problems in gassy sediments, with very compressible pore fluids, such as air [20] [21] [22] . However, in the case of marine sediments with no gasses, the longitudinal wave of the first kind is of principal importance. In this study, we will treat only the longitudinal wave of the first kind. Stoll applied the Biot model to unconsolidated marine sediments and extended the Biot model by considering the friction between the grains by making the frame bulk and shear moduli complex [16] [17] [18] [19] [20] . Nowadays, this extended Biot model is called the Biot-Stoll model.
Porous marine sediment is composed of the assemblage of grains, which is the skeletal frame, and seawater saturating the pores, which is the pore fluid, as shown in Fig. 1 . In the Biot-Stoll model concerning the acoustic wave propagation in porous saturated media such as marine sediment, (1) fluid loss (viscous loss) incurred by the relative motion of the pore fluid to that of the frame and (2) frame loss incurred by the friction of the grain-to-grain contact are considered to cause the energy loss during the acoustic wave propagation. A summary of the Biot-Stoll model is shown as follows.
The wave equations for the longitudinal wave in the porous saturated media derived by Biot are expressed as follows [13] :
In Eq. (7), e ¼ divðuÞ; ðu: displacement of the frameÞ ð8Þ ¼ divðu À UÞ;
ðU: displacement of the pore fluid, : porosityÞ ð9Þ
Grain Pore fluid Frame Fig. 1 Grain, pore fluid, and assemblage of the grains, which is the frame in the Biot-Stoll model. e: dilatation of the element attached to the frame : volume of fluid that has flowed in or out of an element of volume attached to the frame
where K f and K r are the bulk moduli of the pore fluid and grain, respectively. Here, K b and are the bulk and shear modului of the frame, respectively and are expressed as follows:
The imaginary parts in Eqs. (14) and (15) express the loss incurred due to the friction between the grains. Here, l and s are the bulk logarithmic decrement and shear logarithmic decrement, respectively. The density of sediment is as follows:
where f and r are the densities of the pore fluid and the grain, respectively. The added mass is expressed as follows:
where is the structure factor, F=k is the viscous resistance, is the fluid viscosity, and k is the permeability as shown in the next equation, which is called the Kozeny-Carman relation:
where d denotes the grain diameter, and k 0 is a constant determined by the shape of the pore and the tortuosity. The viscous correction factor is as follows:
FðÞ ¼ F r ðÞ þ jF i ðÞ ¼ TðÞ
where TðÞ ¼ ber 0 ðÞ þ jbei 0 ðÞ berðÞ þ jbeiðÞ ;
where ber and bei denote the Kelvin functions, and ber 0 and bei 0 are the derivatives of the Kelvin functions, and
where a is the pore size for spherical grains obtained by Hovem and Ingram [1, 23] as follows:
The viscous correction factor can be approximated at lower and higher frequencies using Eqs. (18) and (22) as follows: At a lower frequency,
And at a higher frequency,
ð24Þ
In Eqs. (23) and (24), f r is the relaxation frequency in the Biot-Stoll model defined by
The frequency dependence of the real and imaginary parts of the viscous correction factor is shown in Fig. 2 .
To obtain a frequency equation, solutions for e and of the form
and
are considered. In Eqs. (26) and (27), k l ð¼ k lr þ jk li Þ denotes the wave number for the longitudinal wave, ! is the angular frequency and x is the propagation distance. Upon transformation to the frequency domain, the following equation results:
The roots of Eq. (28) give the longitudinal wave velocities c l ð¼ !=k lr Þ m/s and the attenuation coefficient l ð¼ k li Þ Np/m as a function of frequency for the longitudinal waves of the first and second kinds.
If there is no relative motion between the frame and pore fluid, that is u ¼ U, the Biot-Stoll model becomes the Gassmann model. Moreover, in the case that the frame bulk modulus K b can be neglected, that is K b ¼ 0, the Gassmann model is consistent with the Wood model. Therefore, the Biot-Stoll model is a comprehensive model that includes the Gassmann model and the Wood model.
Biot Parameters
It is necessary to use 13 physical parameters for applying the Biot-Stoll model [24, 25] . These parameters can be classified into three categories, that is, parameters for the pore fluid, parameters for the grain, and parameters for the frame.
(1) Parameters for the pore fluid 1) Density of pore fluid f
The pore fluid is seawater in marine sediment. For example, the density of seawater is 1,025 kg/m 3 for the temperature of 20 C, the salinity of 35, and the depth of 0 m. In the case of pure water, the density is 998 kg/m 3 for the temperature of 20 C. 2) Bulk modulus of pore fluid K f
The bulk modulus of the pore fluid is 2:37 Â 10 9 Pa for the density of 1,025 kg/m 3 and the sound velocity of 1,522 m/s (temperature ¼ 20
In the case of pure water, the bulk modulus is 2:195 Â 10 9 Pa for the density of 998 kg/m 3 and the sound velocity of 1483 m/s (temperature ¼ 20 C).
3) Viscosity of pore fluid
The viscosity of the pore fluid is 1:01 Â 10 À3 PaÁs for the temperature of 20 C and the salinity of 35. In the case of pure water, the viscosity is 1:00 Â 10 À3 PaÁs for the temperature of 20 C. The above three parameters can be assumed to be almost constant, even if these values change slightly depending on the temperature and salinity.
(2) Parameters for the grain 1) Density of grain r
The density of the grain can be measured. This mean value for sand is about 2,650 kg/m 3 .
2) Bulk modulus of grain K r Stoll used 3:6 Â 10 10 Pa for the bulk modulus of the grain [17] . The author also showed that the bulk modulus of the grain is 3:6 Â 10 10 Pa [26] .
These two parameters can be assumed to be almost constant.
(3) Parameters for the frame 1) Porosity
Porosity can be measured. The porosity of unconsolidated marine sediment is higher than about 0.35. Hamilton proposed an empirical equation indicating the relationship between the grain size and the porosity as follows [27] :
2) Permeability k Permeability can be measured or can be derived from the grain diameter d and the porosity using Eq. (18).
3) Pore size a
The pore size can be obtained from the grain size d and the porosity using Eq. (22). 4) Structure factor Stoll used ¼ 1:25 for sand and ¼ 3:0 for silty clay [17] , and Turgut and Yamamoto used ¼ 1:25 for silt, medium sand and coarse sand [28] . Berryman obtained the relation
where r ¼ 0:5 for isolated spherical particles and lies between 0 and 1 for other ellipsoidal shapes [23, 29] . According to the Berryman equation, the structure factor depends on the porosity and the shape of the grains. 5) Real part of the frame bulk modulus K br Hamilton proposed the following equation for expressing the relationship between the porosity and the frame bulk modulus [30] :
where K br : 10 8 (Pa). 6) Imaginary part of the frame bulk modulus K bi The imaginary part of the frame bulk modulus is expressed as follows: Frequency f / f r Fig. 2 The real part (a) and the imaginary part (b) of the viscous correction factor as a function of normalized frequency.
where l denotes the log decrement for the longitudinal wave. The value of 0.15 is used for sand [20] . 7) Real part of the frame shear modulus r The equation for expressing the relationship between the porosity and the frame shear modulus is obtained using the measured results of the shear wave velocity and the density as follows [31] :
8) Imaginary part of the frame shear modulus i The imaginary part of the frame shear modulus is expressed as follows:
where s denotes the log decrement for the shear wave. The value of 0.15 is used for sand [20] . The 13 physical parameters are divided into two groups that can be assumed to be almost constant and one that can be derived from the value of the porosity.
LONGITUDINAL WAVE VELOCITY AND ATTENUATION
The longitudinal wave velocity and attenuation of the first kind for three typical marine sediments-medium silt, very fine sand and medium sand are calculated using the Biot-Stoll model. The values of the parameters used in these calculations are shown in Table 1 . The calculated results are shown in Figs. 3 and 4. Figure 3 shows the longitudinal wave velocity as a function of frequency. From Fig. 3 , it can be seen that the velocities in all sediments are constant at a lower frequency, but start to increase at some frequency and again become constant at a higher frequency. The frequency at which the velocity starts to increase decreases with the grain size. The velocity at a lower frequency is in agreement with the velocity obtained by the Gassmann model. The velocity at a high frequency is in agreement with the velocity in the case of no fluid loss. Figure 4 shows attenuation as a function of frequency. From Fig. 4 , it can be seen that the attenuation is approximately proportional to f 2 at a lower frequency without frame loss and approximately proportional to f 1=2 at a high frequency. The frequency at which the slope of the attenuation begins changing becomes lower with the grain size. The attenuation due to the frame loss increases proportionally to f 1 . The attenuation due to the fluid loss increases proportionally to f 2 . The effect of fluid loss on attenuation is predominant except at a lower frequency. In this calculation, the value of 1.25 for the structure factor was selected for the three typical marine sediments [17, 28] . If the structure factor increases, both the longitudinal wave velocity and the attenuation increase slightly at a higher frequency. The relaxation frequency shown in Eq. (25) is transformed using Eq. (18) as follows:
The relaxation frequency as a function of the porosity is shown in Fig. 5 . From Fig. 5 , it can be seen that the relaxation frequency increases with the porosity up to a porosity of 0.9. It is possible to explain the change in the frequency characteristics of the longitudinal wave velocity and attenuation depending on the different kinds of sediments using the relationship between the relaxation frequency and the porosity.
As mentioned above, 8 of the 13 parameters are assumed to be almost constant, and the other 5 parameters can be derived from the value of the porosity. Therefore, the longitudinal wave velocity and attenuation can be obtained from the porosity and frequency. Three-dimensional representations of the longitudinal wave velocity and attenuation in the frequency range of 1 Hz to 1 MHz, and the porosity range of 0.35 to 0.8, are shown in Fig. 6 . The grain density, the grain bulk modulus, the fluid density, the fluid bulk modulus, the fluid viscosity, the structure factor, and the longitudinal and shear logarithmic decrements are shown in Table 1 . The grain diameter is obtained using Eq. (29) . The permeability is obtained using Eq. (18), and the pore size using Eq. (22) . The frame bulk modulus is obtained using Eq. (31), and the frame shear modulus using Eq. (33).
From Fig. 6(a) , it is demonstrated that the longitudinal wave velocity increases as the frequency increases or the porosity decreases. Moreover, the variation of the longitudinal wave velocity with frequency changes with the porosity.
From Fig. 6(b) , it is shown that the attenuation increases with the frequency, and the variation of the 
EQUIVALENT CIRCUIT FOR POROUS MARINE SEDIMENTS
The most spectacular aspect of the Biot-Stoll model is the prediction of the longitudinal wave of the second kind in addition to that of the first kind. In this study, equivalent circuits for the plane longitudinal wave propagation in porous media are proposed to easily understand the physical phenomena. First, an exact equivalent circuit for the longitudinal waves of the first and second kinds is derived. Next, an approximated equivalent circuit for only the longitudinal wave of the first kind is obtained. Equation (7) may be rewritten in the case of onedimensional longitudinal wave motion for the displacements of the frame u and pore fluid U as follows:
Equation (36) can be rewritten as
If the following substitutions are applied, 
Eq. (37) can be expressed as follows:
Therefore, the equations of motion of the node number i of the system shown in Fig. 7 (a) [32] are obtained by modifying the left-hand side of Eq. (44) using a differential approximation method as follows:
In Fig. 7(a) , the frame phase is represented by a network of spring of elastic constant E b and effective density b representing the inertia of the frame. The pore fluid phase is represented by a network of spring of elastic constant E l and effective density l representing the inertia of the pore fluid. In the system, there are two couplings, one is the viscous coupling c ð@u i =@t À @U i =@tÞ ( c is represented by a dashpot), the other is the inertia coupling between the frame and the pore fluid & cb ð@ 2 u i =@t 2 À @ 2 U i =@t 2 Þ, & cl ð@ 2 u i = @t 2 À @ 2 U i =@t 2 Þ. The equivalent circuit for the impedance analogy (the force-voltage, and the velocity-current analogies) [33] to the system can be shown in Fig. 7(b) . In Fig. 7(b) , the viscous coupling is represented by two resisters and an ideal gyrator, and the inertial coupling is represented by a transformer. From Fig. 7(b) , the plane longitudinal wave in a porous medium can be shown as composite transmission lines. One line indicates the longitudinal wave in the frame, the other line indicates the longitudinal wave in the pore fluid. The longitudinal wave of the first kind is the wave where the motions of the frame and pore fluid are in phase. The longitudinal wave of the second kind is the wave where the motions of the frame and pore fluid are out of phase. In many marine sediments, the frame modulus is much smaller than the system bulk modulus Kð1=K ¼ =K f þ ð1 À Þ=K r Þ, that is K b þ ð4=3Þ ( K. Under this condition, the approximate relationship C 2 À HM ¼ 0 can be used [1] . Equation (7) may be rewritten in the case of onedimensional longitudinal wave motion as follows:
Using Eqs. (46) and (47) and the relationship C 2 À HM ¼ 0,
Using Eqs. (46) and (48),
On the other hand, the equation for the longitudinal wave in the viscoelastic model, as shown in Fig. 8(a) [34] , is expressed as follows:
In both Eqs. (49) and (50), each coefficient is arbitrary. In this study, the correspondence between the density in the Biot-Stoll model and the density v in the viscoelastic model is adapted to obtain a usual analogy. Comparing Eq. (49) with Eq. (50), these two equations are identical with the following relationships:
The elastic moduli E a and E v are functions of the elastic moduli of the pore fluid, grain and frame, and also the densities of the pore fluid and grain. The coefficient of viscosity is a function of the elastic moduli, the densities and the viscous resistance F=k. The equivalent circuit for an infinitesimal section of the impedance analogy (the force-voltage, and the velocity-current analogies) [33] to the approximated model can be shown in Fig. 8(b) . For the viscoelastic case, v is constant. On the other hand, the term in the Biot-Stoll model corresponding to v is a function of frequency.
APROXIMATED EQUATIONS FOR LONGITUDINAL WAVE VELOCITY AND ATTENUATION
From Fig. 6 , the frequency and porosity dependence of the longitudinal wave velocity can be understood qualitatively. However, the value of the longitudinal wave velocity for a particular porosity and frequency cannot be obtained. The exact solution for the longitudinal wave velocity is not difficult to obtain, but not very practical for actual engineering applications. Therefore, approximate expressions of the longitudinal wave velocity and attenuation are desired for engineering applications. Geertsma and Smit proposed a low-and middle-frequency approximate expression of the longitudinal wave velocity for porous rocks as follows [35] : for the plane longitudinal wave in porous saturated medium.
where c l0 and c l1 denote the longitudinal wave velocities at the frequencies of zero and infinity in the case of C 2 À HM ¼ 0, respectively and are expressed as
The calculated results of the longitudinal wave velocities using Eq. (55) are poor approximations to the calculated results using the exact Biot equations, as shown in Fig. 9 . 
where c l1 can be used not by Eq. (57), but by the following equation in the case of C 2 À HM 6 ¼ 0 to obtain good approximated results:
The calculated results of the longitudinal wave velocity versus frequency using the approximated equations (Eqs. (58) and (59)) are shown in Fig. 9 . From the figure, it can be seen that the results using the modified Geertsma-Smit model are almost in agreement with the exact Biot results. The longitudinal wave velocity at a particular porosity and frequency can be easily obtained using Eqs. (56) and (58)-(60). Next, the attenuation coefficient without the frame loss will be considered. The inverse of the quality factor 1=Q is defined in terms of the real part k lr and the imaginary part k li of the wave number k l as follows [28] :
Supposing the relationship C 2 À HM ¼ 0 and high Q values, which occur in almost all marine sediments, are satisfied [1, 28] , Eq. (61) can be approximated as 
where F r and F i are the real and imaginary parts of the viscous correction factor F. At a lower frequency, 1=Q approaches the following:
At a higher frequency, 1=Q approaches the following:
The attenuation coefficient can be obtained from
Therefore, the attenuation coefficient at a lower frequency and a higher frequency are expressed as follows:
From Eqs. (66) and (67), it can be seen that the attenuation coefficient is proportional to ! 2 at a lower frequency, and ! 1=2 at a higher frequency. The calculated results of the attenuation versus frequency using the approximated equations at a lower and a higher frequency are shown in Fig. 10 . In the calculation of the velocity at a higher frequency c l1 , Eq. (60) instead of Eq. (57) was used for a better approximation. From Fig. 10 , it can be seen that the curves for the approximated cases are consistent with the curves for the no-frame-loss case both at a lower frequency and at a higher frequency. The calculated results of the longitudinal wave velocity at the frequencies of 1 kHz and 100 kHz as a function of porosity are shown in Fig. 11(a) . In this figure, the results with and without frame moduli are shown. The values of the parameters used in this calculation are the same as those for the results shown in Fig. 6(a) . From Fig. 11(a) , it can be seen that the difference between the longitudinal wave velocity with and without frame moduli increases as the porosity decreases. Assuming that the region in which the difference is less than 3.5% is the well-approximated region, we can obtain the approximated region, as shown in Fig. 11(b) . From this figure, it is indicated that the porosity limit is about 0.79 up to the frequency of 30 kHz, and then the porosity limit decreases with the frequency.
RANGE OF APPLICABILITY FOR ACOUSTIC MODELS
The relaxation frequency as a function of porosity is shown in Fig. 5 . Above about a fifth of the relaxation frequency, the longitudinal wave velocity gradually increases with frequency. Below this frequency, the difference between the specified velocity and the velocity at zero frequency is within 3.5%. Using the relationships shown in Figs. 5 and 11(b), we can derive the ranges of frequency and porosity for the applicability of the Wood model, the Gassman model and the Biot-Stoll model without frame moduli, as shown in Fig. 12. Figure 12(a) shows the ranges of applicability for the Gassmann model and the Wood model. From this figure, it can be seen that the Gassmann model is applicable for a wide range of porosities at a lower frequency. However, the Wood model is restricted to high porosity. Figure 12(b) shows the range of applicability for the Biot-Stoll model without frame moduli. From this figure, it can be seen that this model is restricted to high porosity for all frequency ranges.
CONCLUSIONS
The Biot-Stoll model is a useful tool for analyzing the acoustic wave propagation in porous marine sediments. However, it is not easy to apply this model, because 13 physical parameters are required in this model, and some parameters cannot be measured. Also, it is difficult to understand the physical phenomena in this model.
First the Biot-Stoll model, the 13 physical parameters required for applying the model, and the dependence of the viscous loss of the pore fluid and the friction loss of the frame on the frequency characteristics of the longitudinal wave velocity and attenuation for three typical kinds of marine sediments-medium silt, very fine sand and medium sand were summarized.
In this study, equivalent circuits for the plane longitudinal wave propagation in porous media were proposed for easy understanding of the physical phenomena. Next, practical approximate equations for the longitudinal wave velocity and attenuation as functions of porosity and frequency were proposed. Moreover, the ranges of frequency and porosity applicable for acoustic models such as the Wood model, the Gassmann model, and the Biot-Stoll mode without frame moduli were obtained. Future studies are as follows: (1) Approximate equation of the longitudinal wave velocity and attenuation for the sediments with a grain size distribution [3] . (2) Frequency dependence of the frame bulk modulus using the gap stiffness model, which considers the acoustic relaxation of the elasticity of the fluid between the grains [36] . 
